The study focuses on Equatorial Atlantic margins, and draws from seismic, well, gravimetric and magnetic data combined with thermo-mechanical numerical modelling.
Early development stages of the Equatorial Atlantic (Pierce et al. 1996; De Matos 2000) (Fig. 1) indicate interesting structural and thermal consequences of rift -drift transition in areas controlled by significant strike-slip movement components on top of the regional extension, which makes thermo-dynamic histories of these settings very different from those we know of from literature on classic passive margins (see e.g. Royden & Keen 1980; Steckler 1981 Steckler , 1985 Alvarez et al. 1984; Keen 1985; Morgan et al. 1985; Buck 1986; Buck et al. 1988; van Balen et al. 1995; Burov & Cloetingh, 1997) . These consequences will be addressed by numerical modelling applied to the Ghana Ridge (Fig. 2) using the finite-element program ANSYS w (Ansys Inc., Houston, TX, USA). Subsequently, modelling results are discussed in combination with reflection seismic, well and gravimetric data. Our approach is to apply models to various stages of the Ghana Ridge development during the late-rift and early-drift time periods, focusing on thermal regime perturbation and vertical movement history. Models have been generated from published transects based on different types of geophysical data (e.g. Edwards et al. 1997; Sage et al. 2000) . Modelling results provide temperature and uplift histories during a time interval of 104-68 Ma and a snap-shot situation at 78 Ma. Models are designed to provide regional-scale results.
Geological setting

Equatorial Atlantic setting
The initial propagation of intracontinental strikeslip zones in the Equatorial Atlantic region ( Fig. 1) started from east to west under progressively expanding transtensional conditions (e.g. Szatmari 2000) . The onset is of late Barremian age (e.g. Popoff 1988; De Matos 1992; Guiraud & Maurin 1992) , based on the age of the basal transgressive sediments in the Benue Trough, and the ages of later syn-rift sediments on the Brazilian continent and in the Ivory Coast coastal area. The westward younging of basal sediments can be demonstrated on the Brazilian side of the system. The Potiguar Basin does not have a fine enough stratigraphic resolution to indicate the exact time within the Aptian stage but it does indicate that Aptian sediments rest on Neocomian sediments transgressively (De Azevedo 1991) . The oldest sediments of the Mundaú sub-basin of the Ceará Basin have an Early Aptian age (Costa et al. 1989) . Studies available from the Barreirinhas Basin, Gurupí graben system and Para Maranhão Basin do not have fine resolution and, therefore, they only document the Aptian age of basal sediments (Cainelli et al. 1986; De Azevedo 1991) . The westernmost basins, the Marajo and Foz do Amazonas basins, have basal sediments as old as the Aptian-Albian boundary and the Late Aptian -Albian, respectively (De Azevedo 1991) . Therefore, we can interpret that CGMW (1990 CGMW ( , 2000 . Although the data, such as the mixed fauna, indicate a full marine connection through the region since the middle-late Albian (Koutsoukos 1992 ), restoration does not indicate a broad and deep-water connection at the time of the continental break-up. The black and blue interrupted lines show a location for the oceanic-continental crustal boundary for the Brazilian and African sides, respectively. Grey and yellow areas along the fit indicate areas of underlap and overlap in reconstruction. Note that the strike-slip faults causing the future break-up in the Equatorial Atlantic region with an overall dextral strike-slip displacement have P-shear geometry. This is in contrast to analogue material models, which start first with the propagation of R-shears (see e.g. Cloos 1928; Riedel 1929; Hills 1963; Tchalenko 1970) . Abbreviations: GP, Guinea Plateau; M, Monrovia Basin; IC, offshore Ivory Coast; ND, Niger Delta; BT, Benue Trough; RM, Rio Muni Basin; G, offshore Gabon; DP, Demerara Plateau; FA, Foz do Amazonas Basin; P-M, Para-Maranhão Basin; B, Barreirinhas Basin; C, Ceará Basin; P, Potiguar Basin; PP, Pernambuco Paraiba Basin; S-A, Sergipe-Alagoas Basin.
the westward propagation of rifting in the future Equatorial Atlantic, controlled by overall dextral transtension, took place over an approximately 10-11 Ma time period.
The tectonic stresses created a right-stepping system of ENE -WSW dextral strike-slip faults and pull-apart basins between them (Fig. 1) . P-shear orientation of dextral faults instead of R-shear orientation (sensu Christie-Blick & Biddle 1985; Naylor et al. 1986) indicates that either they were not initiated by transtensional stress or that their positions were affected by prominent crustal weaknesses of NE -SW strikes caused by Proterozoic and Palaeozoic orogenies (e.g. Mascle et al. 1988; Genik 1992; Guiraud & Maurin 1992) . The Late Cretaceous reactivation of the NE -SWstriking Sobral-Pedro II Fault in the Borborema province to the south of the Barreirinhas Basin (Miranda et al. 1986 ) serves as support for the latter argument. Similar dextral reactivation of NNE -SSW-striking Pan-African shear zones was reported from Nigeria (Ball 1980; Caby 1989) .
Transition from rifting to drifting took place during the Albian, displaying continental -marine environments in equatorial pull-apart basins (e.g. Potiguar and Barreirinhas) or small basins in compressional quadrants near tips of boundary strikeslip faults (e.g. Piauí and Camocim basins) (De Matos 2000) . Mixed fauna confirms the onset of the oceanic communication through the Equatorial Atlantic since the middle-late Albian (Koutsoukos 1992) .
As extension in pull-apart basins led to the origin of the oceanic crust in their centres, transform faults started to form, linking spreading centres, and defining the break-up between Africa and South America during the Albian -Cenomanian period (De Matos 2000) (Fig. 1) .
As the break-up zone between Africa and Brazil broadened, newly formed transform faults were developed. Active transform faults migrated towards new active spreading centres, and some older basin portions became inactive and sealed by younger sediments (De Matos 2000) . This phenomenon resulted in the very complex and dissimilar depositional and thermal histories of various local basins. Spreading centres travelling oceanwards along ridges of the continental margin (Fig. 2) caused local heating and uplift of these ridges (e.g. Pierce et al. 1996) , indicated by the oceanward younging of the associated unconformity.
Spreading directions during the AlbianCenomanian, affected by a pre-existing block structure of the African and Brazilian continental crusts, were striking from ENE to WSW, as interpreted from the magnetic anomalies related to sea-floor spreading ( Fig. 3) (Müller et al. (1997) . Later, this early NE -SW divergence progressively changed into an almost east-west divergence. It can be recognized through a change in flowline directions reflected in fracture-zone geometry in the data from Müller et al. (1997) (Fig. 3) . The timing of a major portion of this change is in the ConiacianMaastrichtian (89 -65 Ma) (Tables 1 & 2) . Tables  1 & 2 show that the change in drifting direction took part in two main events; the ConiacianMaastrichtian and the Danian-Thanetian, the former being more important.
Seismic imaging constrained by well data, which will be discussed later, indicates that the Romanche fracture zone itself experienced two phases of transpressionally driven deformation: 108-92 Ma and 65 -52 Ma. As shown by modelling, discussed later, the former event could have been controlled by a 98 change in divergence direction, which would generate a convergence component of 2970 m per 1 Ma (m Ma 21 ) across the Romanche Fracture Zone. A close observation of Figure 3 shows that a 98 change in trace of the Romanche Fracture Zone is adjacent to the Ghana Ridge. This segment of the continental margin will be described in the following section. Fig. 2 . The Ghana Ridge area showing the locations of sea-floor spreading ridges in time (Ma) on their relative movement away from contact with the broken-up continent. The youngest age shown is 72 Ma. Locations (dark grey lines) were derived from the map of the digital ages of oceanic crust produced by Müller et al. (1997) . Green lines, oceanic fracture zones, red lines, continental faults. Spreading centres migrating oceanwards along ridges of the continental margin caused the local heating and uplift of these ridges (e.g. Pierce et al. 1996) , indicated by the oceanward younging of the associated unconformity. The Ghana Ridge itself is in the rectangle labelled as the model area. 
Ghana Ridge setting
Before we enter the discussion of our data and numerical models, we will describe the Ghana Ridge development based on available literature (see Mascle & Blarez 1987; Basile 1990; Pontoise et al. 1990; de Caprona 1992; Basile et al. 1993 Basile et al. , 1998 Mascle et al. 1995 Mascle et al. , 1996 Mascle et al. , 1998 Benkhelil et al. 1998a, b; Clift & Lorenzo 1999; Bigot-Cormier et al. 2005) . Although these models have some minor differences, they agree in their major points.
The first sediments in the region were probably deposited during the Early Cretaceous, in an intracontinental rift setting. It is not clear when exactly this rift developed because the oldest sediments have not been penetrated by wells, and only a thick sequence of later syn-rift continental clastic and lacustrine sediments deposited in the Aptian was penetrated. Sampling along the steep slope on the southern margin of the Ghana Ridge documents Albian -Cenomanian sediments at least 3 km thick . Benkhelil et al. (1998b) indicated that the samples from the slope are more proximal than the sediments in the wells to the north, possibly suggesting that the sediments were derived, in part, from the southern block of the Central African Fault Zone.
The Albian -Cenomanian sequence underwent strong dextral strike-slip-related deformation along the southern side of the Ghana Ridge, in a zone about 40 km wide (see Basile et al. 1998; Benkhelil et al. 1998b) . Intense deformation was also developed over the crest of the ridge. A shear zone characterized by a semi-chaotic reflection seismic image marks the zone with the maximum deformation (Benkhelil et al. 1998b) . North of this zone, a series of dextral strike-slip faults were identified. Together, the shear zone and the zone of dextral strike-slip faults represent the damage zone along the transform. These structures are restricted to lie under a widespread unconformity. Sediments above the unconformity, undeformed by shear zone and dextral strike-slip faults, have been dated as Cenomanian -Turonian or younger.
The timing of the end of intracontinental wrenching varies somewhat in the literature. Clift (1998) understood the end of the intracontinental wrenching phase to be synchronous with the inversion that took part between the late Albian and early Turonian, dating it on the basis of the ages of the oldest post-tectonic sediments and youngest tectonized sediments. Development models suggest that, between the Cenomanian and the Turonian, the Ghana Ridge was marked by an active transform margin; that is, during the period between the onset of organized sea-floor spreading between South America and Africa, and the passing of the spreading centre Benkhelil et al. 1998b) . A sequence of carbonates was formed during the Turonian-Coniacian around the crest of the Ghana Ridge, migrating up to the crest of ridge. Basile et al. (1998) suggested that the abrupt end of carbonate deposition in the Coniacian was followed by rapid subsidence of the ridge that marked the passing of the spreading centre.
The approximate locations of the oceanic spreading centre and the oceanic crust just south of the Romanche and St Paul transform faults can be seen in Figure 2 , based on the oceanic ages from Müller et al. (1997) (Fig. 3) . The age data show that the first age contour along the margin was at 108 Ma or in the Albian, probably just after the final rifting between South America and Africa, or at the time of the break-up unconformity. The 108 Ma contour is located just west of the transitional crust, south of the two transform faults.
The detailed age of the early break-up of the continent cannot be shown based on the magnetic anomalies. This is because the magnetic anomalies developed during the break-up fall into the midCretaceous magnetically quiet zone. South of the St Paul Fracture Zone, Figure 2 shows that the continental crusts of Africa and South America moved away from being adjacent some time during 100-104 Ma (late Albian), and that the spreading centre passed the African crust at about 96 Ma (Cenomanian). South of the Romanche Fracture Zone, the continental crusts of Africa and South America cleared in about 94 Ma (Cenomanian), and the spreading centre passed the African crust at about 76 Ma (Campanian). These ages for the Romanche Transform Fault are similar to the ages mentioned in the ODP Leg 159 projectrelated publications, based on other types of data such as cooling ages derived from the apatite fission tracks and erosional unconformity penetrated by sites 959 and 960 (see Basile et al. 1998; Bouillin et al. 1998; Clift et al. 1998; Clift & Lorenzo 1999; Bigot-Cormier et al. 2005) . The primary transcurrent deformation in the Ghana Ridge was active in the Albian, around the time between the first drifting along the margin, and the time when the African and South American crusts were no longer adjacent. The crest of the Ghana Ridge started to subside rapidly in Coniacian -Santonian time, just before the spreading centre passed the Ghana Ridge.
Methods
A synthetic interpretation approach has been used to define the crustal architecture, combining well, reflection seismic and gravity data. Well data came from 94 industrial wells, 11 DSDP and 21 ODP sites. They constrained the seismic interpretation, which was carried out on: 587 km of TGS NOPEC profiles in offshore Liberia, Togo and Benin; 2289 km of Western Geophysical profiles in offshore Ivory Coast and Ghana; 7239 km of PROBE profiles in offshore Nigeria, Equatorial Guinea, Cameroon and Gabon; and 20 996 km of LEPLAC profiles covering the Brazilian offshore side of the Equatorial Atlantic region. The characteristics of individual surveys are given in Supplementary publication SUP18518.
The interpretation of gravity data, used for the extrapolation of interpreted boundaries among reflection seismic profiles, was performed on free air data, which had onshore covered by the EGM96 dataset and offshore by 30 minute resolution data from Sandwell (1992, version 9 .2). The Bouguer gravity anomaly and isostatic residual gravity anomaly maps were calculated from free air data.
The palaeontological record of ODP Leg 159 sites 959, 960, 961 and 962 located at Ghana Ridge and undisclosed industrial well in the Deep Ivorian Basin was processed by the composite standard technique discussed in Supplementary publication SUP18518.
Numerical modelling of the Ghana Ridge development was made using the finite-element program ANSYS w (Ansys Inc., Houston, TX, USA). It focused on a quantitative evaluation of the causes for the uplift of the ridge. The tested alternatives included: (1) thermal uplift due to the lateral heat flow from the passing-by spreading centre; and (2) the uplift due to transpressional movements along the Romanche Fracture Zone.
The aim of the modelling included the prediction of the timing and spatial extent of the Ghana Ridge uplift. The model had to prescribe various geodynamic positions of the Ghana Ridge, including: † rifting of continental lithosphere with the Ghana Ridge located at a dextral strike-slip fault; † the Ghana Ridge opposite to the normal continental crust; † the Ghana Ridge opposite to the extended continental crust; † the Ghana Ridge opposite to the progressively younger -that is, hotter -oceanic crust; † the Ghana Ridge opposite to the sea-floor spreading centre; † the Ghana Ridge opposite to the cooling oceanic crust and inactive transform fault.
Three geodynamic scenarios have been simulated by modelling. Each of them starts at 104 Ma (Albian). Scenario 1 prescribes the case of pure strike-slip faulting along the Romanche Transform Fault. The migrating spreading centre is situated right next to the transform fault and Ghana Ridge. It contains three subscenarios S1a, S1b and S1c, characterized by a dip of the transform fault of 908, 608 and 458, respectively. The reason for sensitivity analysis on the dip of the transform fault is, first, a range of dips from 318 to 678 determined by this and other studies of the Ghana Ridge (e.g. Clift & Lorenzo 1999) , and, second, a general understanding that transform zones are typically associated with vertical faults (e.g. Harding et al. 1985) .
Scenario 2 also prescribes the case of pure strikeslip faulting but the spreading centre is situated further away from the transform fault and Ghana Ridge. The scenario simulates a geological case of atypically thin oceanic crust forming a thermal buffer between the Ghana Ridge and a spreading centre (see Sage et al. 2000) . It would indicate oceanic crust formation in the setting with low magma budget. The 70 km-wide zone representing a thermal buffer should reduce the lateral heat transfer into the Ghana Ridge and uplift due to thermal expansion, and cause a time delay between the spreading centre passage and maximum heat flow in the Ghana Ridge.
The scenario contains nine sub-scenarios, representing combinations between: † the spreading centre located at a distance of 11, 31 and 65 km from the transform fault; and † a dip of transform fault of 908, 608 and 458, respectively. Scenario 3 prescribes a transpression along the Romanche Transform Fault. In this case, the Ghana Ridge uplift is controlled not primarily by thermal expansion but by thermal weakening of the thinned continental lithosphere with respect to the stronger oceanic crust adjacent to it. The scenario contains eight sub-scenarios, representing combinations between: † spreading centre located 31 and 65 km from the transform fault; † transform fault dipping at 608 and 458; and † fixed boundary conditions or lithostatic pressure gradient. The geological justification for this scenario is a transpression generated by a spreading vector rotation described earlier, in the text on the Equatorial Atlantic setting (Fig. 3) .
While the time interval 104-83 Ma in the vicinity of the Ghana Ridge can be characterized by pure strike-slip movements, a progressive rotation of the spreading direction resulted in a contraction component of 2970 m Ma 21 at 83 Ma. Owing to the 20 sub-scenarios included in the main scenarios, only a limited amount of modelling results can be described here for spatial reasons. As a consequence, we choose end-member subscenarios and discuss general trends in uplift and temperature distributions in time. Modelling results are represented as maps of uplift and temperature distribution, and diagrams showing uplift with time for specific Ghana Ridge checkpoints, together with an indication of the ridge at the distance closest to a chosen check point. As only an approximate description of real rheologies is used, we do not aspire to predict exact temperature and uplift values but focus on trends in their distribution and their controlling factors.
Results
The comparison of modelled uplifts in the three sub-scenarios of Scenario 1, characterized by the migrating spreading centre situated right next to the transform fault and Ghana Ridge, indicates the uplift decrease with decrease in dip of the transform fault through which the lateral heat transfer from the migrating spreading centre occurs (Fig. 4) . Dip values of 908, 608 and 458 are associated with uplift of the Ghana Ridge of about 340, 270 and 220 m, respectively, at the point right at the contact with the passing-by centre. The surface heat flows associated with the first and last sub-scenario are about 160 and 85 mW m 22 (Fig. 5) . Comparison of modelled uplifts in the three sub-scenarios of Scenario 2, characterized by a dip of the transform fault of 608 and the transform faultspreading centre distances of 11, 31 and 65 km, indicates the uplift decrease with increase in the distance between transform fault and spreading centre (Fig. 6) . Distances of 11, 31 and 65 km are associated with uplifts of 120, 20 and 220 m, respectively. The surface heat flows associated with these sub-scenarios are 70, 60 and 55 mW m 22 , respectively (Fig. 7 ). An important consequence of the distance between the passing-by spreading centre and the Ghana Ridge is a time delay between the centre passing and the peak surface uplift/heat flow, which increases with distance. The delays are 4.8, 9.5 and more than 11.3 Ma for distances of 11, 31 and 65 km. Another trend is the decrease in the peak value with distance, being 70, 60 and 54.5 mW m 22 for distances of 11, 31 and 65 km.
Discussion of the results simulating Scenario 3, characterized by transpression, can be divided into two categories. The first one keeps the front, rear and African sides of the model fixed, which tends to exaggerate the resulting uplift. The second one keeps the rear side of the model fixed, while the African and front sides are prescribed with a lithostatic pressure gradient condition, which decreases the resultant uplift.
The category with exaggerated uplift documents that there is a less distinct decreasing trend of uplift with distance between the passing-by spreading centre and the transform fault (Fig. 8) but the uplift peak is rather large, reaching values of the order of 4.4-5.5 km for distances of 31-65 km. The category without exaggerated uplift also documents the uplift decrease with the spreading centrefracture zone distance, which is, however, very subtle (Fig. 9) . The uplift peak values vary around 2.5 km, which is just 50% of the values from models with fixed walls but almost an order of magnitude larger than uplifts triggered by thermal expansion from scenarios 1 and 2.
Apart from the peak uplift, it is interesting to compare the overall volume of uplift associated with different uplift scenarios. We do this roughly by means of contrasting the widths of the zone of uplift.
Uplift controlled by the passage of the sea-floor spreading-centre-related thermal anomaly affects the zone, which is narrower than the zone of the transpression-related uplift. For the spreading centre passing right next to the Ghana Ridge, the width of the zone with uplift greater than 125 m is 43 and 15 km for a transform fault dip of 908 and 458, respectively. This indicates decreasing heat transfer effectiveness through the contact between continental and oceanic crust with decreasing contact fault angle.
For the spreading centre passing at a distance from the Ghana Ridge itself, being separated from it by a corridor of atypically thin oceanic crust, the width of the zone with uplift greater than 125 m is Fig. 4 . Comparison of surface uplifts on Ghana Ridge, modelled by all three sub-scenarios of Scenario 1, representing the spreading ridge passage adjacent to the Ghana Ridge. S1a, transform fault with a dip of 908; S1b, transform fault with a dip of 608; S1c, transform fault with a dip of 458. Note that the modelled uplift decreases with a decrease in the transform fault dip. Fig. 5 . Comparison of surface uplifts and heat flows on Ghana Ridge, for a transform fault dip of (S1a) 908 and (S1c) 458 for Scenario 1, representing the spreading ridge passage adjacent to the Ghana Ridge. Note that the modelled uplift and heat flow decrease with a decrease in the transform fault dip.
3, 0 and 0 km for a distance/fault dip combination of 11 km/608, 31 km/608 and 65/608, respectively. This indicates decreasing heat transfer with increasing distance between the passing spreading centre and the Ghana Ridge itself.
For the uplift controlled by the transpression and transpressional contact being at a distance of 65 km from the Ghana Ridge, the width of the zone with uplift greater than 750 m is 160 and 173 for fault dips of 608 and 458, respectively. When the distance is decreased to 31 km and the dip of the fault is kept at 608, the width increases to the entire width of the model. This indicates that a transpression is a more important uplift driver than the thermal anomaly of the passing spreading centre and its effect increases with decreasing distance of the Ghana Ridge from the primary transpressional contact.
Another important observation is that there is no clear indication of flexural uplift in the models. Our explanation of the lack of a distinct flexural uplift or isostatic rebound would be the high temperatures. They strongly weaken the lithosphere, which in turn results in a very low flexural rigidity. Thus, the lithosphere is always close to local Airy isostasy, so that flexural and rebound effects are unlikely to play a major role.
Discussion
Regardless of their differences, scenarios 1 and 2 basically show how the thermally driven uplift related to the passing-by spreading ridge moves from east to west along the Ghana Ridge (Fig. 10) . As the thermal anomaly decays in time, the uplift becomes progressively replaced by subsidence. Shifting location in a westerly direction, both earlier uplift and subsequent subsidence travel as westwards migrating waves. Such migrating subsidence should explain the abrupt end of TuronianConiacian carbonate deposition some time in the Coniacian, and a more rapid subsidence of the ridge noted by Basile et al. (1998) . However, in order to prove modelled migrating thermally controlled uplift and subsequent subsidence, one needs to find a system of hiatuses/erosional unconformities in ODP Leg 159 sites compatible with this model.
In order to do this rigorously, we can look at sites 959, 960, 961 and 962 of the ODP Leg 159, an unspecified industrial well in the Deep Ivorian Basin to the NW of the Ghana Ridge, and discuss our own chronostratigraphic and palaeoenvironmental results provided by the determined fauna correlation to the composite standard.
A closer look at the chronostratigraphy of sites in the Ghana Ridge (discussed in SUP 18518) Fig. 6 . Comparison of surface uplifts on Ghana Ridge, modelled by all three sub-scenarios of Scenario 2, representing the spreading ridge passage at a distance from the Ghana Ridge. S2b represents a distance of 11 km; S2e represents a distance of 31 km; and S2h represents a distance of 65 km. All three scenarios have a transform fault dip of 608. Note the decrease in uplift with the increase in distance between the Ghana Ridge and the spreading centre. Fig. 7 . Comparison of surface uplifts and heat flows on Ghana Ridge, for a transform fault dip of 608 for spreading centre-Ghana Ridge distances of (S2b) 11, (S2e) 31 and (S2h) 65 km for Scenario 2, simulating the spreading ridge passage at a distance from the Ghana Ridge. The dashed vertical line indicates the passing-by sea-floor spreading ridge at the shortest distance from Ghana Ridge. Note the modelled uplift and heat flow decrease with increase in distance between the spreading centre and Ghana Ridge. See the text for further explanation.
does not allow one to interpret any systematic waves of uplift and the following subsidence along the Ghana Ridge that could be associated with thermal effects of the passing spreading ridge. The most important chronostratigraphy control seems to be the ridge topography plunging in a westerly direction. Therefore, the numerically modelled scenario of the thermally driven uplift, characterized by the migrating wave of uplift, does not look like a probable interpretation, while the modelled transpressionally driven uplift does.
Furthermore, the problem with the modelled Ghana Ridge uplift, driven only thermally, is partially in its relatively small magnitude (see Figs 4 & 6) , and mainly in the insignificant width of the Ghana Ridge Zone affected by the uplift, which was described at the end of Results section. A maximum uplift of 340 m can be achieved by a scenario with the spreading ridge directly next to the transform margin and vertical transform fault. The first condition is slightly unrealistic, as there is a good chance of fault blocks separating the margin from the ridge. Examples, such as the Coromondal Transform Fault of the East Indian margin (Nemčok et al. 2012) , show that such fault blocks are common. The second condition is an unrealistic dip angle of the transform faults controlling break-up, because the dip is typically less than 908 (Clift & Lorenzo 1999 on the Romanche Transform Fault; Rosendahl 2005 pers. comm. on worldwide transform faults). Models that have a smaller dip angle of the transform fault indicate a less effective heat transfer through it -that is, a smaller magnitude of uplift (Fig. 4) . Placing the heat sourcethe passing-by spreading ridge -a bit further from the Ghana Ridge further reduces the thermally controlled uplift. Maintaining the 608 dip of the transform fault and changing the spreading ridge distance from the Ghana ridge from 0 km, through to 11 and 31 km and up to 65 km, reduces the maximum uplift of the adjacent zone of the Ghana Ridge from 275 m, down to 125 and 25 m, and finally to practically nothing. This is associated with a dramatic decrease in the width of the zone affected by uplift to reach practically no width for uplifts greater than 125 m and already at a distance of 31 km. Furthermore, the modelling results indicating insignificant thermally driven uplift are in accordance with the fact that apatites were not significantly thermally reset by the passing spreading ridge (see Clift et al. 1998) . Fig. 8 . Comparison of surface uplifts on Ghana Ridge, for a spreading centre-Ghana Ridge distance of 31 km, for transform fault dips of 608 (S3a) and 458 (S3c) for Scenario 3, representing a dextral transpression driven by a change in drift vector. The models have front, rear and African walls fixed. Note a modelled decrease in uplift with a decrease in transform fault dip. Fig. 9 . Comparison of surface uplifts on Ghana Ridge, for a spreading centre-Ghana Ridge distance of 65 km, for transform fault dips of 608 (S3e) and 458 (S3g) for Scenario 3, representing a dextral transpression driven by a change in drift vector. The models have only the rear wall fixed. Note a modelled decrease in uplift with a decrease in transform fault dip. Fig. 10 . Vertical movement distribution at 78 Ma along the Ghana Ridge in response to the passing-by spreading ridge on its way out of the Gulf of Guinea. The model represents Scenario S1a, characterized by a spreading centre-Ghana Ridge distance of 0 km and a transform fault dip of 908. The black arrow indicates the location of the spreading ridge. Note that the westward migrating wave of uplift is followed by a wave of moderate subsidence.
Another uplift mechanism to discuss is flexural uplift, which is one of the alternative mechanisms during the transform motion between continental and oceanic plates. Flexural unloading of a seawarddipping transform fault in a manner analogous to footwall uplift in extensional settings could be a process causing permanent uplift. This unloading would depend on the magnitude of the transform fault dip and the flexural rigidity of the continental plate, as discussed by Clift & Lorenzo (1999) . However, our numerical simulation provided no clear indication of flexural uplift. Our explanation of the lack of a distinct flexural uplift or isostatic rebound would be the high temperatures. They strongly weaken the lithosphere, which in turn results in very low flexural rigidity. Thus, the lithosphere is always close to local Airy isostasy, such that flexural and rebound effects are unlikely to play a major role. Our observation of very low flexural rigidity is in accordance with findings made by Karner & Watts (1982) , Holt & Stern (1991) and Kooi et al. (1992) for the situation shortly after the rifting.
The flexural uplift of the Ghana Ridge was suggested by Clift & Lorenzo (1999) , who used a two-dimensional (2D) flexural cantilever model for its determination. However, the use of a 2D approach along a section perpendicular to the Ghana Ridge brings important constraints to the interpretation of flexural uplift. First, the direction of the unloading of the transform fault footwall in reality is not perpendicular to the ridge, as calculated in their model (see Fig. 1 in Clift & Lorenzo 1999 ), but at a very low angle to the ridge. This means that their 2D flexural model should have most of the forces controlling the uplift out of plane of the model. Secondly, Clift & Lorenzo (1999) determined about 3 km of crustal thinning over a distance of approximately 18 km in the southern Ghana Ridge. However, the thinning is not homogeneous but occurs in the upper levels of the continental crust because the underlying Moho in their profile is flat. We would suggest that this upper crustal thickness reduction is due to a lateral retreat of the transform fault scarp. It would be indicated by apatite fission track data (see Clift & Lorenzo 1999; Bigot-Cormier et al. 2005) , which have a landwards-younging trend in their ages along profiles from the oceanic -continental crust boundary to the Ghana Ridge crest. This trend forms a mirror image of the trend usually observed along apatite fission track data profiles starting somewhere deep in the contintent and finishing at the highest point of the marginal uplift (see e.g. van der . Neither Clift & Lorenzo (1999) nor Bigot-Cormier et al. (2005) could see that this is a mirror image because they only had data from the ODP sites at the ridge crest and data from submarine sampling performed on the slope oceanwards of the ridge crest. van der Beek et al. (1999) explained the phenomenon of fission track ages at the margin edge being younger than the age of rifting and the relatively high track lengths by the younger age apatites having experienced temperatures above 120 8C prior to rifting. The apatite fission track ages usually increasing landwards from the margin edge, forming the highest part of the margin, and mean track lengths first decreasing and subsequently increasing away from the coastline indicate that samples were exhumed from subsequently lower temperature rangesthat is, shallower depth levels. In fact, the track lengths along the Ghana Ridge crest are consistently longer than 14 mm, which indicate a rapidly cooled margin at Ghana Ridge (Bigot-Cormier et al. 2005) .
When we correlate the apatite fission track age trend with the change in dip of the transform fault scarp, represented by the southern Ghana Ridge slope, we see two dip provinces. The upper slope portion is not a fault scarp itself but a retreated one. This means that real transform fault dip is in the lower portion, which is sealed by sediments. A dip of the retreated fault scarp in the depth-migrated seismic section of Clift & Lorenzo (1999, their fig. 6 ) is 318, while a dip of the fault is 678.
This brings us to the third problem with the 2D flexural cantilever model. The fact that sensitivity analysis (Clift & Lorenzo 1999) , focused on varying four parameters in control of the flexural uplift, which are: † the amount of extension represented by the b factor; † the effective elastic thickness; † the transform fault dip; and † the transform fault heave, cannot explain the modern Ghana Ridge, which is represented by parameters such as (1) the amount of uplift experienced and (2) its geometric shape, with a transform fault that has a dip larger than 308 where we already know from the previous discussion that an appropriate dip would be about 678. Clift & Lorenzo (1999) would need to combine their flexural uplift with spreading-ridge-passagerelated thermal uplift to reach the uplift values they need, given the inappropriate shallow-dip transform fault, to match the observation of hiatus from 105 to 90 Ma. However, the heat needed for uplift at sites 959 and 960 would occur there only after a significant delay of more than 12 Ma after the centre passage owing to their distance from the continental -oceanic crust boundary, which would be too late. Furthermore, the passage of the centre could be younger than previously thought, which would further enhance the problem.
The passage of the oceanic crust adjacent to the Ghana Ridge has been understood as indicated by Cenomanian bathyal marine conditions at Site 962 . Even younger, early Turonian, spreading ridge passage was suggested by Clift et al. (1998) , based on the regional plate tectonic reconstructions and unconformity penetrated by the ODP Leg 159 sites. The extrapolated age of oceanic crust in our Figure 3 indicates that the passage was probably even younger than 90 Ma; that is, 81-80 Ma. This timing is closer to that derived by Bigot-Cormier et al. (2005) from apatite fission track data, which dated the passage at 85 -80 Ma, representing the Santonian. The difference in Bigot-Cormier et al. (2005) and our ridge passage timing from the timing determined in the 1990s Clift et al. 1998; Clift & Lorenzo 1999 and references in these studies) could simply be a result of the progress achieved in one decade in understanding the chronostratigraphy of Late Cretaceous stages.
This brings us to the fourth problem with flexural uplift, this time enhanced by suggested synchronous thermal uplift. As concluded by Bigot-Cormier et al. (2005) based on apatite fission track data, the Ghana Ridge has appeared as an uplifted area since the late Albian (see also Basile et al. 1998 ), a significant time before the oceanic accretion against the transform margin, and the spreading centre passage thus came too late to be synchronous with the required timing of flexural uplift. The interpretation of uplifted area since the late Albian is further supported by our biostratigraphical work (see Supplementary publication SUP18518); in particular, a set of hiatuses/ erosional unconformities separated by subordinate depositional events in Site 959 indicates a longlasting high.
After ruling out flexural uplift, in order to enhance the thermally driven uplift but mainly to significantly increase its influence zone in the Ghana Ridge, we need to search for the existence of yet another mechanism. We would have to couple the thermal effect of the passing spreading centre with the transpression associated with the early syn-drift change in the spreading vector, which was mentioned earlier (Fig. 3 , Tables 1 & 2) . Drift vector change, described as occurring as late as the Turonian-early Campanian, was observed by numerous workers (Haxby 1985; Klitgord & Schouten 1986; Fairhead 1988a, b; Fairhead & Binks 1991; Binks & Fairhead 1992 ). This event is associated with the reactivation of many oceanic fracture zones and transform faults, which are located in the Equatorial Atlantic Dailly 2000) . It has been postulated by Dailly (2000) , based on a broad timing correlation, that this event caused transpressional events along transform faults that resulted in the shortening of the Aptian-Albian sediments in the Rio Muni Basin.
The areal extent of these transpressional features is interesting. They can be observed in the Rio Muni Basin (Dailly 2000) and in the Northern Gabon Basin (Teisserenc & Villemin 1990) but cannot be found in the Congo Basin (Seiglie & Baker 1984) and basins located further south. Therefore, the event is characteristic only for the Equatorial Atlantic and did not occur to the south of the Northern Gabon Basin (e.g. Dailly 2000). The northern limit for the event can be determined with help from reflection seismic imaging. While the seismic imaging in the Ivory Coast-Ghana region indicates that the Coniacian-Thanetian inversion affected several former transtensional strike-slip faults to the north of the Romanche Transform Fault and transform fault itself (Fig. 11) , it did not seem to affect the St Paul Transform Fault bounding the Ivory Coast Basin from the north (Fig. 12) .
Similar transpressional folding of rift sediments has been reported from the Foz do Amazonas Basin (Figueiredo 1985; Aguiar et al. 1986 ). Aguiar et al. (1986) observed that folding also affected the Lower Tertiary strata. This event was also reported in the Benue Trough, onshore Nigeria (Benkhelil 1988) , where it is diachronous, starting during the Santonian in the south and finishing during the end of the Cretaceous in the NE.
The coupling of both mechanisms can actually be quiteimportantfortranspressionaldeformationenhancement. This can be implied with a closer look at the continental margin in the Ghana Ridge region (Figs 13 & 14) . A small segment of the distal margin in the offshore Ivory Coast shows a clear pull-apart control of the continental break-up and a significant warming-up of the distal margin around its development (Fig. 13) . The former is documented by the African half of the rhomb-shaped geometry of the pull-apart basin. The latter can be implied from a volcanic ridge, indicating a significant emplacement of magmatic bodies during the break-up (Fig. 13) . Further east, in offshore Togo and Benin, lies a margin segment that allows the comparison of the proximal and distal margins (Fig. 14) . The former and latter are labelled as continental and transitional crusts in the figure. Their structural grains are very different from one another. The two sets of fault patterns are divided by the boundary between the proximal margin and the distal margin, whose crust is understood to be highly attenuated continental crust in its last stages of stretching preceding continental break-up. Both fault patterns define systems of relatively small pull-apart basins. Those formed in a thicker continental crust of the proximal margin have a clear distinction between normal and strike-slip faults controlling their rhomb-shaped geometries. They are analogous to the analogue Fig. 13 . Tectonic map of a small passive margin segment initiated by a pull-apart basin, offshore Ivory Coast. Note a relatively clear distinction of strike-slip faults and normal faults on the landward side of the pull-apart and the occurrence of a volcanic ridge near the boundary between the continental and oceanic crusts terminating the pull-apart basin on its oceanward side. Tectonic map of the Togo-Benin margin segment with failed pull-apart basins detached at both brittle and ductile deformation levels. Analogous to the results of analogue material modelling carried out by Sims et al. (1999) , the rhomb-shaped pull-apart basins located closer to the shoreline, which have a clear identification of controlling strike-slip and normal faults, have been detached inside the brittle deformation zone. The narrow pull-apart basins located closer to the oceanic crust, which do not have a clear distinction of controlling strike-slip and normal faults but are controlled by oblique-slip faults, have been detached inside the ductile deformation zone.
material model results of Sims et al. (1999) , who detached a set of their pull-apart basin models inside a brittle deformation zone. Those formed on a thinner crust of the distal margin lack a clear distinction between normal and strike-slip faults. They are narrower than those on the thicker continental crust and are controlled somewhat by single Riedel shears, which are dextral strike-slip faults with a normal fault component. These pull-aparts are analogous to the pull-apart models of Sims et al. (1999) detached inside a ductile deformation zone. When we compare this map (Fig. 14) with the results of the analogue material modelling of pullapart basins detached at brittle v. ductile deformation levels described by Sims et al. (1999) , it becomes apparent that the pull-apart basins developed in the continental crust of the proximal margin were detached along brittle detachments as their host crust was thicker and cooler during the early stages of stretching. It is also apparent that pull-apart basins developed in the continental crust of the distal margin were detached along ductile detachments because their host crust was thinner and warmer during the mature stages of stretching.
Because the spreading vector adjustments occurred relatively soon after the continental break-up, characterized by its warmed thinned crust, the margin and, mainly, the distal margin did not cool enough to become stronger. It was relatively weak and prone to deformation, which was driven by the extra contraction component driven by the spreading vector rotation. The thicker and cooler continental crust further landwards did not experience any significant transpressional deformation.
An example of the continental margin affected by transpression post-dating the continental break-up comes from offshore Benin (Fig. 15) . Figure 15 shows that while break-up unconformity developed some time during the Albian in this area, the strikeslip faulting lasted a little longer. Furthermore, strike-slip faulting was accompanied by folding. While the lower portion of the post-Albian Upper Cretaceous strata does not show any response to the growing anticline, the overlying Upper Cretaceouslower Palaeocene strata thin over its crest thus indicating its growth during that time.
It needs to be emphasized at this point that it is not the boundary between the distal and proximal margin that forms a landwards constraint for the occurrence of transpressional deformation. This can be seen in Figures 13 & 14 , which contain several folds located in thicker crust. Furthermore, Fig. 15 . The early syn-drift deformation of the previously extended continental crust in offshore Benin. The dextral-transpression-driven fold has chevron geometry. The Upper Cretaceous-lower Palaeogene sediments thinning over its crest indicate its Senonian-early Palaeogene growth. The fold shows hardly any erosion as early Palaeogene sediments seem to be removed by gravity gliding. The scale and location are not given for confidentiality reasons.
transpressional folds occur in shelfal zones of several Equatorial margin segments. Offshore Benin serves as such an example. Other examples come from the Barreirinhas Basin (Rodrigues et al. 1984; De Azevedo 1991) and the Ceará Basin (Zalan et al. 1985) .
Although the neighbouring transform margin segments may have different histories, as indicated by data from the Romanche and St Paul continental margins (see Figs 11 & 12) , transform margins share certain common features with a direct application to understanding the maturation histories of individual hydrocarbon source kitchens and the timing of structural traps (discussed in SUP 18518).
Conclusions † The main result of this paper is that there was a strike-slip movement during the crustal break-up in the Equatorial Atlantic. After the break-up, there was a progressive change in the spreading direction from ENE -WSW to eastwest, which caused transpression in several regions of the Gulf of Guinea. The transpression effect was enhanced owing to continental crust being weakened by both the thermal effects of the rifting that resulted in break-up and the subsequent passage of spreading centres along transform faults. The thermal effect of the passing ridges was a secondary factor in the control of uplifts along several margin segments. † Numerical simulation shows that the thermally driven uplift related to the 'passing-by' spreading ridge after the continental break-up must have moved from the east to the west along the Ghana Ridge. As the induced thermal anomaly decayed in time, the uplift became replaced by subsidence. However, the stratigraphic record from individual sites of the ODP Leg 159 located along the ridge does not allow one to interpret any distinct east-to-west migrating wave of uplift and subsequent subsidence. This indicates that the thermal control of the uplift must have paled out in comparison to the transpression. † Simulation also shows that both positive heat flow anomaly and thermally induced uplift in modelled scenarios decrease with the dip of the transform fault dividing the oceanic crust from the continental margin. Dips of 908 and 458, for example, are associated with heat flows of 160 and 85 mW m
22
, and uplifts of 340 and 220 m, respectively. The smaller dip angles are associated with less effective heat transfer. † Both the heat flow anomaly and uplift decrease with distance between the bounding transform fault and the spreading centre. An important consequence of the distance is the delay in thermal perturbation of the continental margin with respect to the timing of the passing spreading centre. † The modelling further shows that transpressiondriven uplift also decreases with distance from the spreading centre, although not as significantly as it does in the thermally controlled case. Compared to thermally induced uplift, it is about one magnitude larger. † The comparison of modelled transpressiondriven and thermally induced uplifts, and zones of their influence, indicates that thermally driven uplift would not be enough to explain the observations. However, the thermal perturbation driven by a passing-by spreading centre is significant enough to control laterally varying thermal maturation histories. † A combination of the spatial distribution of oceanic crust with evidence of the early drift vector rotation with spatial distribution of transpressional events in the continental margin and with numerical models indicates that transpressional events inside the margin were driven by the early-drift vector rotations. This mechanism only characterized the Equatorial Atlantic, with the southern and northern limits at the South Gabon -North Gabon basin boundary and the St Paul Transform Fault, respectively. † Observations and modelling indicates that the increased heat flow regime of the distal continental margin after continental break-up enhanced the transpressional effect of the transpression driven by early-drift spreading vector rotation. Observations include evidence such as the proximal margin containing pull-apart basins detached at brittle deformational levels, while the distal margin has them detached at ductile levels or the evidence for transpressional folding located mostly in the distal margin and mostly missing in the proximal margin, apart from exceptions in the Barreirinhas and Ceará basins, and offshore Benin. In fact, the modelling indicates that transpressional deformation could have penetrated into the Ghana Ridge quite a distance from its driving force. Furthermore, the distal margin is sometimes found to contain large magmatic bodies indicating a warmer heat flow regime during the break-up, which made it especially prone to subsequent transpressional deformation. † The key behind transpression being so effective was the fact that the continental margin, and mainly its distal portion, did not have sufficient time to cool between the break-up and the onset of transpression driven by the spreading vector rotation. † Apart from the unique uplift and heat flow histories of the transform margin segments, their slope geometry interacting with deposition usually delays the onset of the cycles of gravity gliding significantly, which differentiates them from passive margins initiated by normal faulting.
